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V  powder  for  24  hrs.  at  650*C,  \  It  was  characterized  by  X-ray  and  SEM  data. 

SEN  analysis  revealed  this  oxide  to  be  a  highly  crystalline  material  composed 
of  4-5  um  wide  and  14-18  um  long  crystallites.  For  a  cathode  having  a 
theoretical  capacity  density  of  20  mAh/ cm2  (based  on  1  e~/V) ,  the  utilization 
in  the  early  cycles  v^b'%0.6  e-/V  at  current  densities  of  0.5,  1.0  and  2,0 
mA/ctn^  and  0.45  a.t  4  mA/cm2.  Rate-capacity  behavior  similar  to  these  was 

exhibited  alsp^fty  cathodes  having  capacity  densities  of  10  mAh  and  30  mAh  per 
cm2.  Thg^dlscharge  of  1.9V  proceeded  in  four  distinct  voltage  regions  with  a 
mid-jiiScharge  potential  of  ^2.3V.  The  cathode  exhibited  good  rechargeability . 
jDrfe  cell  was  cycled  80  times  with  a  steady  cathode  utilization  of  0,52  e“.V, 

r 

The  slightly  non-stoichiometric  Vfc0i3  was  prepared  by  the  thermal  decomposition 
of  NH4VO3  at  450*C.  .X-ray  diffraction  pattern  of  this  material  was  virtually 
identical  to  that  pr  stoichiometric  V6O13.  However,  SEM  data  revealed  it  to  be 
composed  of  mu.ch 'smaller  particles  with  very  little  apparent  crystallinity. 
First  discharge  of  the  material  resulted  in  a  higher  capacity  than  the 
stoichiojpd'tric  oxide.  For  example,  capacities  between  0.90  and  1.0  e~/V  were 
obtaijjetf  at  current  densities  between  0.50  and  2.0  mA/cm2.  The  extra  capacity 
respdts  in  a  plateau  at  ^2, IV.  In  the  first  charge,  a  loss  in  capacity 
accounting  to  15-20%  of  the  first  discharge  occurs.  This  loss  is  independent 

y'^of  charge  current  densities  between  0.1  and  2.0  mA/cm2.  With  continued  cycling 
a  gradual  loss  in  cathode  utilization  occurs  in  the  early  cycles.  After  15 
cyles  or  so,  the  cathode  utilization  becomes  steady  at  ^0.60  e~/V. 

'■*  The  discharge  characteristics  of  the  stoichiometric  oxide  at  60*C  were  similar 
to  that  of  non-stoichiometric  oxide  at  room  temperature. 

The  rechargeability  of  both  the  oxides  were  found  to  be  sensitive  to  the  lower 
voltage  cutoff.  The  safest  limits  of  cycling  were  3.0  and  1.9V.  Potentiostat 
discharges  of  the  oxides  between  1.9  and  1.3V  revealed  a  high  capacity 
irreversible  reduction  process  at ;vl.6V, 

a 

Three  types  of  hermetically  sealed  cells  were  constructed  and  tested.  In  a 
high  capacity  (5Ah)  prismatic  cell  utilizing  the  non-stoichiometric  oxide, 
energy  densities  of  106  Whr/kg  and  190  Whr/DM^  were  achieved. 
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1.  INTRODUCTION 


Lithium  secondary  battery  technology  has  been  actively  pursued  for 
more  than  20  years  (1) .  Some  striking  advances  have  been  made  in  the  past 
ten  years.  These  have  been  made  possible  by  the  discoveries  (2)  of  new  organic 
solvent/Li  salt  systems  in  which  the  Li  electrode  can  be  recharged  with 
high  efficiency.  Especially  note-worthy  are  the  EIC  System  (3),  2Me-THF/LiAsF6 
and  the  Exxon  electrolyte  (4),  1 , 3-dioxolane/LiC104 .  Unfortunately,  the 
1 , 3-dioxolane/LiC104  system  shows  a  tendency  to  detonate  upon  impact  and 
therefore  has  been  abandoned.  Recently,  we  have  demonstrated  100-200 
deep  discharge  cycles  in  Li/TiS2  cells  utilizing  2Me-THF/LiAsF6  electrolyte 
(5) .  The  Li  electrode  in  these  cells  exhibited  an  average  cycling  efficiency 
of  96%. 

The  status  of  the  rechargeable  positive  electrodes  was  recently 
reviewed  by  Abraham  (6).  During  the  past  two  decades  a  large  variety  of 
materials  have  been  discovered  and  evaluated.  The  degree  of  understanding 
of  these  materials,  however,  varies  considerably.  The  most  extensively 
studied  and  promising  materials  are  solid  state  cathodes  which  undergo 
intercalation  or  topochemical  reactions  with  Li  (6) . 

An  ideal  intercalation  reaction  involves  the  interstitial  introduction 
of  a  guest  species  into  a  host  lattice  without  structural  modification  of 
the  host.  Such  a  reaction  is  reversible  because  similar  transition  states 
are  readily  achieved  for  both  the  forward  and  reverse  reactions,  leading  to 
close  compliance  with  the  thermodynamic  principle  of  microscopic  reversibility. 
In  an  actual  intercalation  reaction,  the  bonding  within  the  host  lattice 
may  be  slightly  perturbed  (e.g.,  a  slight  expansion  of  the  host  lattice  may 
occur) .  The  inherent  reversibility  of  intercalation  suggests  its  utility 
as  a  mechanism  for  reversible  electrode  reactions  (Eqn.  1). 

xLi+  +  xe~  +  MY  *=►  Li  MY  (1) 

n  x  n 

Similar  reactions  which  depend  on  the  structure  of  the  host  but  resulting 
in  somewhat  larger  structural  modifications,  such  as  cleavage  of  certain 
bonds,  are  termed  topotactic  or  topochemical.  These  reactions  may  be 
either  reversible  or  irreversible  depending  upon  the  specific  nature  of 
the  structural  changes.  Classes  of  materials  which  undergo  topochemical 
or  intercalation  Li  reaction  are:  transition  metal  sulfides,  selenides 
or  oxides  with  layered  structures  and  transition  metal  sulfides  or  oxides 
with  three  dimensional  network  structures.  Of  all  these  materials  only 
TIS2  received  any  significant  developmental  effort.  The  excellent 
reversibility  and  chemical  compatibility  of  T1S2  in  practical  Li  cells 
have  been  demonstrated  recently  at  EIC  (5).  Despite  its  impressive 
performance  characteristics,  T1S2  does  not  have  the  energy  density  required 
for  many  potential  applications  of  secondary  Li  cells.  Therefore,  any 
new  material  with  improved  characteristics  is  a  welcome  addition. 


A  potentially  attractive  group  of  materials  are  the  transition 
metal  oxides.  Preliminary  studies  of  several  rutile  and  perowskite 
related  oxides  have  been  carried  out  recently  by  Murphy  and  coworkers  (7) . 
These  studies  have  indicated  that  several  vanadium  oxides,  particularly 
V5O13,  are  potentially  attractive  materials  as  high  energy  cathodes 
for  Li  cells. 

The  vanadium  oxides,  V2O5,  VgOjj  and  VO2  (B)  comprise  a  class  of 
framework  compounds  consisting  of  shear  structures  derived  from  the  Re03 
lattice  (6).  The  parent  structure  contains  an  extended  network  of  channels 
intersecting  in  three  mutually  perpendicular  directions.  These  channels 
may  be  visualized  as  a  rising  from  the  sharing  of  square  faces  of  individual, 
vacant  cavities  (Figure  1) . 

An  idealized  V2O5  structure  may  be  derived  from  an  Re03  lattice  by 
removing  oxygens  from  every  second  (200)  plane  and  closing  the  structure 
along  the  shear  vector  lj[l00].  The  resulting  shear  structure  consists  of 
distorted  VOg  octahedra  joined  by  edge  sharing  among  themselves  along 
[OOl]  into  single  zig-zag  chains  linked  together  by  corner  sharing  to  form 
single  sheets.  These  sheets  are  joined  by  means  of  additional  corner 
sharing  into  a  three-dimensional  lattice.  The  resulting  structure  contains 
asynmetric  V=0 - V  units. 

The  V5O33  lattice  may  be  regarded  as  a  shear  structure  of  V2O5. 

This  structure  contains  distorted  VOg  octahedra  joined  by  extensive  edge 
sharing  into  both  single  and  double  zig-zag  chains  running  parallel  to 
(010) .  Both  the  single  and  double  chains  are  linked  by  additional  edge 
sharing  into  single  and  double  sheets,  respectively,  both  lying  parallel 
to  the  (100)  plane.  The  sheets  are  interleaved  and  joined  together  by 
corner  sharing  to  form  a  three-dimensional  lattice.  This  structure  contains 
trlcapped  cavities  joined  through  shared  square  faces.  The  asymmetric 
V*0 - V  linkages  are  absent  in  the  structure. 

The  metastable  VO2  (B) ,  has  a  structure  related  to  those  of  V2O5 
and  VgO^j.  The  structure  may  be  visualized  simply  as  that  obtained  by 
removing  the  sheets  of  single  chains  from  the  Vg0i3  structure. 

In  this  report  we  present  the  results  of  a  detailed  study  of  the 
performance  characteristics  of  Vg0i3  in  secondary  Li  cells  with  2Me-THF/ 
LiAsFg  electrolyte.  The  major  areas  of  investigation  were:  synthesis 
and  characterization  of  Vg0i3;  evaluation  of  rechargeability  of  VgOjj 
with  identification  of  major  capacity  limiting  factors  and  construction 
and  testing  of  hermetically  sealed  cells. 
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Fig.  I.  Corresponding  views  of  V2C>5,  Vg0|3,  and  V02(B)  constructed 
from  idealized  MO^  octahedra  (Ref.  6). 
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2. 


SYNTHESIS  AND  CHARACTERIZATION  OF  V 


6°13 


V5O13  was  prepared  according  to  two  different  procedures:  (i)  by 
heating  of  stoichiometric  amounts  of  V  and  V2O5  in  a  sealed,  evacuated 
quartz  tube  at  650°C  (Eqn.  2) 

650°C 

13  V205  +  4  V  - >5  V6013  (2) 

The  material  prepared  by  this  method  is  stoichiometric  V^0i3,  i.e., 

(Ii)  by  the  thermal  decomposition  of  NH4VO3  in  an  inert  atmosphere  at 
450°C.  The  V6O33  obtained  under  carefully  controlled  conditions  is 
slightly  non-stoichiometric,  i.e.,  VO2.I9. 


2.1  Stoichiometric  Vg0l3 


In  a  typical  preparation,  an  intimate  mixture  consisting  of  11.82g 
(65  mmoles)  of  V2O5  (Alfa-Ventron)  and  1.02g  (20  mmoles)  of  V  powder  (Alfa- 
Ventron,  -325  mesh)  was  heated  in  an  evacuated,  sealed,  quartz  tube  at  650°C. 
Samples  were  prepared  using  heating  times  of  8  hr,  16  hr  and  24  hr.  X-ray 
powder  patterns  of  the  materials  are  tabulated  in  Table  1.  Scanning  electric 
micrographs  (SEM)  of  the  materials  are  depicted  in  Figures  2A  through  2E. 

All  the  samples  were  composed  of  well-shaped  crystals,  although 
their  average  sizes  varied  from  sample  to  sample.  In  the  sample  heated 
for  8  hr  (Fig.  2A) ,  the  crystals  were  15-40  pm  long  and  3-6  pm  wide;  in 
the  sample  heated  for  16  hr  (Fig.  2B) ,  they  were  15-30  pm  and  3-6  pm  wide. 

In  one  of  the  samples  heated  for  24  hr  (Fig.  2C) ,  the  crystals  were 
14-18  pm  long  and  4-5  pm  wide.  In  a  second  24  hr  heated  sample.  Figures 
2D  and  2E) ,  the  crystals  were  10-40  pn  long  and  5-10  pm  wide.  The  X-ray 
patterns  of  all  the  three  samples  were  essentially  identical.  However,  the 
relative  intensities  of  the  lines  at  3*52A  and  3.32A  showed  a  systematic 
variation  with  heating  time.  The  relative  intensities  in  the  pattern  of 
the  24  hr  sample  were  very  close  to  those  reported  by  Wilhelmi,  et  al.  (9). 

As  would  be  seen  later,  the  24  hr  sample  exhibited  the  best  electrochemical 
performance. 

2.2  Non- Stoichoimetric 


In  a  typical  preparation,  17.33g  NH4VO3  contained  in  a  graphite  boat 
was  heated  in  a  flowing  argon  atmosphere  (flow  rate,  450  cc/min)  at  the 
following  temperature  ranges.  Initially,  the  temperature  was  raised  from  25°C 
to  400°C  in  about  1/2  hr.  The  temperature  was  then  increased  to  450°C  and 
kept  at  this  temperature  for  another  2  hrs.  Finally,  the  material  was  annealed 
at  550°C  for  1  hr.  The  dark  product  weighed  12.73g.  The  composition  of  the 
oxide  was  calculated  to  be  VO2.19.  Its  X-ray  pattern,  obtained  by  the 
Debye-Sherer  technique  is  shown  in  Table  2.  The  pattern  is  very  much  similar  to 
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Table  1 


| 

|  X-Ray*  Data  for  Vanadium  Oxides 


Oxide 

26<t  Degrees 

d,  A 

Relative  Intensity 

V6°13  from  V2°5 
and  V;  heating  time 

25.2 

26.8 

30.1 

3.53 

3.32 

2.97 

40 

100 

40 

of  8  hr  at  650°C 

33.4 

2.68 

45 

36.0 

2.49 

5 

45.4 

2.00 

80 

49.2 

1.85 

30 

53.9 

1.70 

5 

55.1 

1.67 

5 

57.1 

1.61 

5 

59.7 

1.55 

5 

VgO^  from  and 

V;  heating  time  of 

25.4 

26.9 

30.2 

3.50 

3.31 

2.96 

70 

100 

35 

16  hr  at  650°C 

33.5 

2.57 

25 

36.1 

2.49 

5 

45.6 

1.99 

80 

49.6 

1.84 

30 

54.1 

1.69 

5 

55.3 

1.66 

5 

57.2 

1.61 

5 

59.9 

1.54 

5 

V6°13  ^rom  V2°s  and 

V;  heating  time  of 

25.3 

26.8 

30.0 

3.52 

3.32 

2.98 

75 

85 

30 

24  hr  at  650°C 

33.4 

2.68 

35 

36.0 

2.47 

5 

45.5 

1.99 

100 

49.4 

1.84 

30 

54.0 

1.70 

5 

55.2 

1.66 

5 

57.1 

1.61 

5 

59.7 

1.55 

5 

*CuKa  radiation,  X  ■  1.5405  A;  Debye-Scherrer  technique. 


Fig.  2B.  SEM  photograph  of  stoichiometric  V^Oo  prepared 
using  a  heating  time  of  16  hours.  Magnification, 
I000X. 
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Fig.  2C.  SEM  photograph  of  stoichiometric  prepared 

using  a  heating  time  of  24  hours.  Magnification, 

I000X. 


1 11  g agw  »  1111 1111  H 


Table  2 

X-Ray  Data*  for  V6O13  Prepared  from  NH4VO3 


2 8<.  degrees 

O 

d,  A 

Relative 

Intensity 

15.25 

5.81 

W 

17.95 

4.94 

W 

25.55 

3.49 

S 

27.15 

3.28 

S 

30.70 

2.91 

M 

33.75 

2.66 

M 

36.35 

2.47 

W 

45.80 

1.98 

s 

49.95 

1.83 

s 

53.95 

1.70 

M 

57.40 

1.61 

M 

60.10 

1.54 

M 

52.10 

1.49 

W 

66.65 

1.40 

W 

69.9 

1.35 

M 

*Debye-Sherer  technique;  Cu  Radiation,  \  ■  1.5418  A. 
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that  of  the  stoichiometric  oxide.  An  SEM  of  the  material  is  shown  in 
Fig.  3.  The  non-stoichiometric  oxide  is  apparently  composed  of  much 
smaller  crystals,  although  the  present  SEM  does  not  show  any  crystalline 
nature.  Note  that  the  X-ray  data  indeed  suggest  that  the  material  is 
crystalline. 

In  optimizing  the  synthesis,  it  was  found  that  a  very  careful 
control  of  the  Ar  flow  rate  is  of  utmost  importance  in  obtaining  the  desired 
product  in  a  pure  form.  The  argon  flow  rate  controls  the  residence  time 
of  the  liberated  NH3,  the  reducing  agent  which  determines  the  V  to  oxygen 
ratio  in  the  product.  In  different  preparations  with  argon  flow  rates 
lower  than  450  cc/min*,  we  have  synthesized  oxides  of  compositions, 

V0i.88t  V02,  V02.04  and  V02.08-  X-ray  patterns  of  V02.04  and  V02  are  given 
in  Table  3.  All  these  lower  oxides  exhibited  electrochemical  character¬ 
istics  much  inferior  to  that  of  VO2.19  (see  later). 

2.3  Heat  Treatment  of  Non-Stoichiometric 


The  effect  of  heat  treatment  on  the  non-stoichiometric  V5O13  was 
evaluated  by  heating  a  sample  of  the  oxide  in  a  sealed,  evacuated  quartz 
tube  for  16  hr  at  650° C.  Although  the  X-ray  pattern  did  not  show  any 
significant  change,  SEM  data  revealed  that  the  material  had  been  converted 
to  a  more  crystalline  form  with  average  crystals  of  20-30  V®  long  and  3-5 
ym  wide.  The  discharge  of  this  material  resembled  the  stoichiometric 
oxide  (see  later). 

2.4  Chemical  Lithiation  of  Non-Stoichiometric  Vg0^3 


Lithium  capacity  of  non-stoichiometric  V5O13,  was  determined  by 
chemical  lithiation  with  n-BuLi  according  to  reaction  3. 


xn-BuLi  +  V6013' 


Li  V,0. ,  +  f 
x  6  13  2 


Octane 


(3) 


In  a  reaction,  1.46g  (2.84  mmoles)  of  Vg0i3  was  stirred  at  room  temperature 
with  a  large  excess  (34.2  mmoles)  of  0.2N  n-BuLi  in  hexane  for  24  hr.  The 
solution  was  filtered  and  the  amount  of  unreacted  n-BuLi  was  determined 
by  titration  with  0.1N  HC1.  The  amount  of  n-BuLi  reacted  with  Vg0^3  was 
found  to  be  22.1  mmoles  which  was  equivalent  to  an  uptake  of  7.78  nmoles 
of  Li/mole  of  V^O^. 


In  order  to  examine  the  chemical  reversibility  of  the  Li  in 
Li7.8V60l3»  the  latter  was  treated  with  an  excess  of  CH3CN/I2  solution  and  the 
amount  of  I2  consumed  according  to  reaction  was  determined  by  titrating 


*The  flow  rate  required  to  obtain  VO2.19  may  vary  with  sample  size  and  the 
container  tube  size. 
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Fig.  3.  SEM  photograph  of  non-stoichiometric  VgO 1 3.  Mag¬ 
nification,  I000X. 
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Table  3 


LL 


X-Ray  Data  for  Lower  V-^Oxides  from  NH4VO3 


Oxide 

20<.  degrees 

d,A 

Relative  : 

|  V02 

23.0 

3.87 

0.3 

! 

i 

25.5 

3.49 

1.0 

1 

29.5 

3.03 

0.4 

1 

30.5 

2.93 

0.4 

1 

34.0 

2.64 

0.6 

t 

44.3 

2.05 

0.6 

! 

45.0 

2.01 

0.6 

| 

i 

1 

l 

49.5 

1.84 

0.7 

^°2.04 

14.3 

6.22 

0.4 

15.3 

5.81 

0.4 

20.5 

4.33 

0.5 

1 

1 

25.5 

3.50 

1.0 

! 

29.0 

3.07 

0.5 

.  <' 

! 

30.3 

2.95 

0.5 

i 

33.8 

2.65 

0.6 

i 

44.3 

2.05 

0.5 

45.3 

2.00 

0.5< 

49.7 

1.83 

0.7 

59.3 

1.56 

0.5 

the  unreacted  I2  with  standard  Na2S203  solution. 


LixV6°13  +  f  '2 - *■  +  Vl3  (4) 

It  was  found  that  only  5  Li  could  be  removed  by  reaction  4.  However, 
an  examination  of  the  potentials  of  the  redox  couples,  I2/I-  (2.8V)  and 
LixV60i3/V60i3  (2.8V-2.2V)  indicates  that  reaction  4  may  lead  to  an 
equilibrium  situation.  It  appears  that  an  oxidizing  agent  more  powerful 
than  I2  would  be  necessary  to  completely  deintercalate  Li7. 8^6013 .  The 
X-ray  pattern  of  L^.gVgOjj  is  shown  in  Table  4. 

Reaction  of  stoichiometric  V5O13  results  in  an  uptake  of  only  4Li 
per  V6O13  (6,7). 


3.  ELECTROCHEMICAL  EVALUATION  OF  VANADIUM  OXIDES 


3.1  General  Experimental 

Cathodic  behavior  of  vanadium  oxides  were  evaluated  in  cells  of 

the  type. 


Li  /  2Me-THF,  LiAs  F6  /' Vfi0 1 3 ,  C 

The  system,  2Me-THF,LiAsFg  as  the  electrolyte  of  choice  for  secondary  Li 
cells  has  recently  been  demonstrated  (3,  5). 

3.1.1  Preparation  of  Electrolyte 

2-methyl  tetrahydrofuran,  obtained  from  Aldrich  Chemical  Co.,  was 
distilled  over  CaH2  on  a  spinning  band  fractionating  column  (Perkin-Elmer 
251)  in  a  nitrogen  atmosphere  at  a  5:1  reflux  ratio.  The  middle  70% 
fraction  was  collected.  A  1.5M  LiAsF&  electrolyte  was  prepared  by  adding 
an  appropriate  amount  of  LiAsF6  (U.S.  Steel  Agri-Chemicals,  electrochemical 
grade)  to  cooled  (<0°C)  2Me-THF.  The  cooling  is  necessary  to  minimize 
possible  decomposition  (10).  The  electrolyte  was  further  purified  by  the 
APA  procedure  (10).  Typically,  the  electrolyte  prepared  in  this  manner 
exhibited  thin  plate  (1  coul/cm2)Li  recycling  efficiencies  of  95-96%. 

3.1.2  Cathode  Preparation 

The  cathodes  were  prepared  as  pressed  powder  electrodes.  An 
intimate  mixture  of  V  oxide,  carbon  (Shawinigan  50%  compressed  or  AGM 
graphite  and  10  w/o  Teflon  was  prepared  in  a  blender.  The  ratio  of  V  to 
carbon  was  varied  in  the  optimization  studies.  The  optimized  cathodes 
contained  70  w/o  V5O13,  20  w/o  carbon  and  10  w/o  Teflon.  The  mixture 
was  pressed  on  either  side  of  an  expanded  Ni  screen  (Exmet  Corporation 
5  Ni7-4/o)  at  a  pressure  of  ~2000  lbs/in^.  The  electrodes  typically  had 
a  thickness  of  0.6-0. 8  mm. 

3.1.3  Test  Cells 

Most  of  the  experiments  were  carried  out  in  a  prismatic  glass  cell, 
shown  schematically  in  Fig.  4.  In  these  cells,  the  electrode  package 
comprised  one  cathode  flanked  on  either  side  by  a  Li  electrode  wrapped  in 
1  ml  thick  Celgard  2400  (Celanese  Corporation)  separator.  The  Li  electrode 
was  fabricated  from  a  15  mil  thick  Li  foil  obtained  from  Foote  Mineral 
Company  and  pressing  the  foil  on  one  side  of  an  expanded  Ni  screen.  Each 
electrode  had  an  area  of  8  cm^  (3.2  cm  x  2.5  cm).  The  cell  was  completed 
with  an  appropriate  amount  of  2Me-THF/1.5  LiAsFg. 
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PRISMATIC  TEST  CELL 


External  Leads 


Aluminum  Sleeve 
Spacer 

Cona::  Pressure  Tight 
Seal  MGT-20A4 


Polypropyl ene 
Plastic  Top 

Teflon  Heat  Shrink 
Tubing 


Prismatic  Glass  Cell 
10  x  40  x  60  nun  high 


Ethylene-propylene 
Kubber  Pad,  W-l/16 


Aluminum  Base 


Tests  were  also  carried  out  in  hermetically  sealed  laboratory 
cells,  hermetically  sealed  spirally  wound  cells  and  in  hermetically 
sealed,  high  capacity  prismatic  cells.  Specifications  of  these  cells  will 
be  discussed  later. 

3.2  Cathodic  Behavior  of  Vanadium  Oxides 


3.2.1  Discharge  Characteristics  of  NH4VO3  Decomposition  Products 

It  was  noted  earlier  that  from  the  thermal  decomposition  of  NH4VO3, 
in  addition  to  Vg0x3,  i.e.,  VO2.19,  a  series  of  lower  oxides  can  be  prepared 
depending  upon  the  reaction  conditions.  The  lower  oxides  synthesized  in 
several  preparations  were  VO1.88,  VO2,  V02.04  and  V02.08-  Discharge 
characteristics  of  all  of  these  oxides  were  evaluated.  The  primary  dis¬ 
charges  of  the  oxides,  VO1.88,  VO2,  V02.04.  VO2.O8  an< 3  V®2.19>  obtained 
galvanostatically  at  8  mA  (0.5  mA/cm2)  are  shown  in  Fig.  5.  The  discharge 
data  are  summarized  in  Table  5.  The  data  indicate  that  the  cathode 
capacities  and  the  potentials  at  which  the  discharge  proceed  depend  on  the 
composition  of  the  oxide.  Thus  for  V0i.88>  although  the  discharge  begins 
at  ^.SV,  the  cell  polarizes  rapidly  to  ^1.8V  at  which  potential  most  of 
the  discharge  proceeded.  For  VO2  and  VO2.04,  the  discharge  curves  show  a 
plateau  at  ^2. 45V.  The  discharge  curve  for  VO2.O8  shows  two  plateaus  at 
^2. 45V  and  *v2. 05V.  The  discharge  curve  for  VO2.19  shows  a  plateau  at 
^2. 75V,  two  downward  sloping  potential  regions  at  ^2.5  and  2.3V  and  another 
plateau  at  2.1V.  The  potential  profiles  observed  for  VO2.19  are  identical 
to  those  found  by  Murphy  (8)  for  V5O13  prepared  from  NH4VO3.  The  latter 
exhibited  a  capacity  of  1.1  e~/V  to  a  cutoff  of  1.7V. 

It  is  instructive  to  note  here  that  in  the  first  discharge  of 
V2O5,  about  20%  of  the  capacity  is  observed  at  potentials  above  3.0V  (12). 
Therefore,  the  primary  discharge  characteristics  of  the  oxides  are  useful 
in  evaluating  material  purity. 

3.2.2  Cycling  Behavior  of  V0£  The  Non-Stoichiometric  V6°13 


Figure  6  shows  the  first  two  cycles  of  the  non-stoichiometric 
^6013*  The  discharge  proceeds  in  discrete  potential  steps  indicating 
phase  transitions  with  the  degree  of  Li  incorporation.  The  discharge 
shows  a  fairly  sharp  cutoff  to  1.9V  with  a  capacity  of  vL.0  e“/V 
the  first  discharge.  (Additional  irreversible  capacity  is  obtained  at 
lower  potentials;  see  later.)  In  the  first  charge  typically  only  80-85% 
of  this  capacity  is  recharged.  The  capacity  in  the  second  cycle  is  nearly 
100%  of  that  in  the  first  charge. 

The  potential  plateaus  in  the  first  discharge  occur  at  the 
approximate  Li  compositions  in  LixVg0x3  of,  0<x-0.95,0.95<x^2.75,  2.75 
<x^  3.65  and  3.65<x*6.05.  The  three  dimensional  structure  of  V^Oj^ 
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Galvanostatic  discharge  curves  for  the  various  vanadium  oxides  synthesized 
by  the  thermal  decomposition  of  NH4VO3.  Current  =  8  mA  (0.5  mA/cm^). 


Table  5 


Discharge  Data  for  Vanadium  Oxides 
Current  =  8  mA  (0.5  mA/cm^) 


Oxide  in  the  Cathode _ 

Capacity* 

Cell  No.  Composition  gm  nmoles  mAh  e  /V 


31 

V01.88 

0.31 

3.82 

32 

0.31 

24 

vo2 

0.25 

3.01 

40 

0.5 

22 

V°2 . 04 

0.32 

3.83 

60 

0.58 

35 

VO2.08 

0.27 

3.20 

77 

0.89 

39 

V°2. 19 

0.31 

3.80 

112 

1.10 

*Capacity  to  1.7V. 
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contains  2  perowskite  cavities  (7) .  Each  cavity  contains  15  distorted 
square  pyramidal  sites  which  belong  to  two  groups  of  3  and  12  identical 
ones.  In  the  first  discharge,  a  capacity  of  nearly  4Li/Vg0i3  is  found  at 
potentials  >2. IV.  This  may  involve  the  occupation  of  2Li  per  cavity.  Of  the 
additional  two  lithiums  discharging  at  "v2. IV,  one  may  be  incorporated 
per  cavity.  It  should  be  noted  that  with  nBuLi,  nearly  8Li  can  be 
incorporated  into  VgO^  suggesting  that  the  maximum  Li  capacity  in  non- 
stoichiometric  V5O13  is  4Li  per  cavity. 

In  the  first  charge  about  15-20%  of  the  capacity  involved  in  the 
first  discharge  is  not  recharged.  This  capacity  loss  was  independent  of 
the  current  densities  between  0.10  and  2.0  mA.cm^.  This  fraction  appears 
to  be  mostly  the  capacity  involved  in  the  higher  voltage  regions  - 
primarily  from  the  2nd  and  3rd  phase  regions.  With  continued  cycling, 
the  relative  ratios  of  the  capacities  involved  in  the  various  phase 
regions  of  2nd  discharge  seem  to  be  maintained. 

3.2.3  Cycling  Behavior  of  V20,-  +  V  Products  -  The  Stoichiometric 

TT  A  ^ 


The  first  two  cycles  of  a  cell  utilizing  the  stoichiometric  oxide 
is  shown  in  Fig.  7.  This  oxide  sample  was  prepared  using  a  heating  time 
of  24  hr.  The  discharge  proceeds  in  three  distinct  voltage  steps 
corresponding  to  a  capacity  of  0.55  e“/V.  The  end  of  discharge  is  indicated 
by  a  very  small  plateau  at  "v2.0V  and  then  a  clear  potential  drop  to  1.9V. 

In  the  present  cell  the  three  upper  plateaus  occur  at  the  approximate  Li 
compositions  in  LijjVgOjj  ternary  of  0<xi0.75,  0.75<xil.5  and  1.5<x-3.0. 
Practically  100%  rechargeablilty  is  observed  in  the  first  charge.  The 
cathode  exhibits  excellent  utilization  at  this  value  with  continued  cycling. 

The  significant  difference  between  the  non-stoichiometric  and 
stoichiometric  oxides  at  ambient  temperature  is  the  absence  of  the  plateau 
in  the  latter  at  ^2. IV.  Consequently,  the  stoichiometric  oxide  exhibits 
0.33  e~/V  less  capacity  then  the  non-stoichiometric  oxide.  The  maximum 
capacity  of  the  stoichiometric  oxide  determined  by  the  nBuLi  reaction  is 
4  Li/VgO]^  or  0.66  e~/V  (7).  This  corresponds  to  the  incorporation  of 
2Li  per  cavity  in  the  oxide  lattice. 

The  maximum  capacity  of  4Li  per  stoichiometric  V5O33  at  ambient 
temperature  appears  to  be  determined  by  kinetic  factors.  This  is  indicated 
by  the  fact  that  by  discharging  the  cell  at  60°C,  Fig.  8,  an  additional 
capacity  of  0.33  Li/V  is  obtained  with  the  extra  capacity  appearing  at  "v2.1V 
as  in  the  non-stoichiometric  oxide.  At  60°,  the  recharge  was  only  85%  of 
the  discharge,  i.e.,  0.72  e“/V.  When  the  cell  was  returned  to  room  temper¬ 
ature,  its  behavior  resembled  that  prior  to  the  cycle  at  60°C.  It  appears 
that  in  the  non-stoichiometric  oxide,  the  defect  created  by  the  extra  oxygens 
reduces  the  activation  energy  for  incorporation  of  >4Li  per 

We  have  also  evaluated  the  electrochemical  performance  of  the 
V2O5  +  V  reaction  products  prepared  using  heating  times  of  8  hr  and  16  hr. 
Although  the  potential  profiles  of  cell  cycles  were  identical  to  those  of 
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Effect  of  temperature  on  the  cycling  of  stoichiometric  V5O13.  Current  density  -  0.5  mA/cm2, 
The  25°C  cycle  was  the  first  cycle.  The  60°C  cycle  was  obtained  after  12  cycles  at  25°C. 


the  24  hr  sample  shown  in  Fig.  7,  the  8  hr  and  the  16  hr  samples  exhibited 
poorer  cathode  utilizations. 


Therefore,  all  further  studies  of  the  stoichiometric  oxide  were 
carried  out  with  samples  prepared  using  a  heating  time  of  24  hr. 

3.2.4  Cycling  Behavior  of  Heat-Treated  VO^  ^ 


The  SEM  of  a  sample  of  non-stolchiometric  Vg0^3  heated  for  16  hr 
at  650°C  showed  that  the  heat-treatment  induces  a  higher  degree  of 
crystallinity.  After  the  heat  treatment,  the  appearance  of  the  crystals 
was  similar  to  that  of  the  stoichiometric  oxide.  The  potentials  profiles 
of  the  discharge/charge  curves  of  a  cell  utilizing  this  material  were 
identical  to  those  of  a  stoichiometric  oxide  cell.  However,  in  the  one 
sample  tested  the  cathode  utilization  corresponded  to  only  0.4  e“/V. 

It  appears  that  heat-treatment  of  VO2.19  results  in  the  removal  of 

the  extra  oxygens  responsible  for  its  defect  structure  and  converts  it 

to  the  stoichiometric  oxide. 

3. 3  Evaluation  of  Factors  Limiting  Rechargeabllity  of  VftO] 3 

3.3.1  Effect  of  Carbon 

Two  cells,  one  utilizing  the  stoichiometric  V5O13  and  the  other 
the  non-stoichiometric  V5O13,  were  evaluated.  The  cathodes  in  these  cells 
contained  902  V6O13  and  10  w/o  Teflon.  Each  cell,  with  one  pressed  cathode 
had  an  approximate  le~  capacity  of  150  mAh.  The  cathode  thickness  was 
<^1  mm.  Both  cells  were  initially  discharged  at  0.5  mA/cm^.  The  cells 
exhibited  practically  no  capacity  to  1.9V.  The  currents  were  then  reduced 
to  0.125  mA/cm^,  Capacities  of  M).05  e~/V  were  exhibited  by  both  of  the 
cells  to  1.9V  cutoff.  It  appears  that  both  of  the  oxides  cannot  be  dis¬ 
charged  without  carbon  in  the  cathode  matrix.  It  is  known  that  LixV60i3 
becomes  an  insulator  when  x  ■  ^4  (7).  In  high  rate  cells,  probably  an 
insulating  layer  of  LixV60i3  is  formed  in  the  early  stages  of  discharge 
so  that  further  discharge  is  not  possible. 

3.3.2  Effect  of  Voltage  Limits  on  Cell  Cycle  Life 

All  the  studies  in  this  section  were  carried  out  with  the  non- 
stolchiometric  oxides.  Nevertheless,  the  results  of  the  next  section 
would  suggest  that  the  conclusions  are  valid  for  the  stoichiometric  oxide 
also. 


Cycling  Limits  of  3.0V  and  1.4V.  The  pressed  powder  cathode 
in  cell  No.  39  contained  0.31g  VgO^  (50  w/o),  40  w/o  carbon  and  10  w/o 
Teflon.  The  first  two  cycles  of  this  cell  at  8  mA  (0.5  mA/cm?)  are  shown 
in  Fig.  9.  The  cycling  data  are  tabulated  in  Table  6.  The  first  discharge 
preceeded  in  4  distinct  voltage  regions.  To  1.7V  cutoff,  the  capacity 
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Galvanostatic  cycling  curves  for  Li/V  0  cell  39.  Current  -  8  mA  (0.5  mA/cm' 

Voltage  Halts  !  AY  and  3  CV 


Table  6 


Cycling  Data  for  Li/V^O^  Cell  No.  39 


Cathode : 

50  w/o  Vg0j3  (0.31g» 
10  w/o  Teflon. 

3.8  mmoles),  40  w/o  graphite 

Current : 

8  mA 

(0.5  mA/cm2). 

ycle  No. 

1 

Discharge  Capacity 
mAh  e-/V 

Charge  Cap 
mAh  X  of 

191 

1.87 

70 

2 

65 

0.64 

26 

3 

22 

0.22 

12 

4 

12 

0.12 

8 
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corresponded  to  112  mAh  (1.1  e~/V) .  However,  an  additional  capacity 
of  66  mAh  (0.65  e“/V)  was  obtained  at  the  lower  voltage  region  between 
1.7V  and  1.4V.  Note  that  the  total  discharge  capacity  of  1.75  e“/V 
(10.5  e"/V60^3)  to  1.4V  exceeds  the  capacity  determined  from  chemical 
lithiation,  l.e.,  7.8  e-/V^0^3.  This  appears  to  indicate  that  at  the 
lower  voltage  region  further  reduction  of  the  oxide  occurs.  The  first 
charge  corresponded  to  70  mAh  (4.1  e-/V60i3)  which  was  39%  of  the  charge 
utilized  in  the  first  discharge.  The  capacity  decreased  with  cycles 
reaching  12  mAh  by  the  4th  discharge. 

Cycling  Limits  of  3.0V  and  1.7V.  This  was  evaluated  in  cell 
No.  52.  The  oxide  was  non-stoichiometric.  The  cycling  data  are  tabulated 
in  Table  7.  Representative  cycles  are  shown  in  Figure  10.  A  plot  of 
cathode  utilization  vs.  cycle  no.  is  depicted  in  Fig.  11.  The  cathode 
utilization  in  the  first  discharge  was  113%  of  theoretical  capacity  based 
on  6e“/V60i3.  In  the  first  charge  76%  of  this  capacity  was  recharged. 
Although  the  cathode  utilization  gradually  decreased  with  cycle  number,  the 
dramatic  cathode  failure  observed  with  the  1.4V  lower  limit  was  eliminated. 

Cycling  Limits  of  3.5V  and  1.7V.  Two  cells  were  evaluated, 
cell  Nos.  57  and  67.  The  cycling  data  are  listed  in  Tables  8  and  9, 
respectively. 

Cell  No.  57  was  initially  cycled  between  3.0V  and  1.7V.  The  cathode 
utilization  in  the  first  discharge  was  0.95  e~/V.  In  the  first  charge 
84%  of  this  capacity  was  recharged.  Further  capacity  loss  with  cycling 
was  again  gradual  (see  Fig.  11).  At  the  10th  charge  half  cycle,  the  upper 
voltage  limit  was  raised  to  3.5V.  The  charge  capacity  slightly  increased 
with  subsequent  discharges  also  showing  slightly  improved  cathode  utilization. 
However,  the  declining  trend  in  cathode  utilization  with  cycle  number  was 
not  eliminated. 

Cell  No.  67  was  cycled  between  limits  of  3.5V  and  1.7V.  The 
performance  of  the  cell  was  similar  (see  Table  9  and  Fig.  11)  to  that  of 
cell  No.  52  cycled  between  3.0V  and  1.7V. 

Cycling  Limits  of  3.0V  and  1.9V.  In  cell  No.  73,  the  voltage 
limits  were  3.0V  and  1.9V.  Cycling  data  are  given  in  Table  10.  The 
cathode  utilization  in  the  first  discharge  was  0.9  e~/V,  slightly  lower 
than  in  the  other  cells.  However,  this  lower  utilization  may  reflect 
the  higher  discharge  voltage  limit .  By  the  3rd  cycle  the  cathode 
utilization  decreased  to  0.65  e^/V.  However,  a  capacity  >0.5  e“/V  was 
maintained  up  to  the  16th  cycle  (see  Fig.  11)  when  the  cell  was  terminated. 

Cycling  data  for  cell  No.  105,  shown  in  Fig.  12,  further  substan¬ 
tiates  the  deleterious  effect  of  deep  discharge  on  cycle  life.  The  cell 
was  cycled  at  8  mA  (0.5  mA/cm^) .  The  initial  voltage  limits  were  3.0V 
and  1.9V.  The  capacity  in  the  first  discharge  was  72.3  mAh,  equivalent 
to  0.96  e“/V.  Of  this  capacity,  82%  (0.78  e"/V)  was  recharged  in  the 
first  charge.  The  capacity  in  the  second  discharge  corresponded  to  0.72 
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Table  7 


Cycling  Data  for  Li/V^O^  Cell  No.  52 


Cathode:  80  w/o  VgOjj  (0.48  mmoles),  20  w/o  Shawinigan 
carbon,  5  w/o  Teflon 

Current:  8  mA  (0.5  mA/cm^) 

Voltage  limits:  1.7V  and  3.0V 


Discharge  Capacity  Charge  Capacity 


Cycle  No. 

mAh 

%  Cathode* 
Utilization 

mAh 

%  of  Discharge 

1 

87 

113 

66 

76 

2 

60 

78 

58 

97 

3 

57 

74 

58 

101 

4 

55 

71 

55 

100 

5 

54 

70 

53 

98 

6 

50 

65 

48 

96 

7 

45 

60 

44 

98 

8 

42 

54 

40 

95 

9 

40 

51 

38 

95 

10 

36 

47 

35 

97 

11 

36 

47 

34 

95 

*Based  on  6e“/Vg0^^. 


S110A  HVIlN310d 
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Galvanostatic  cycling  curves  for  Cell  No.  52  showing  the  1st,  2nd  and  10th  cycles 
Current  =  8  mA  (0.5  mA/cm2).  Voltage  limits,  1.7V  and  3.0V. 


Table  8 


Cycling  Data  for  Li/VgO^  Cell  No.  57 

Cathode: 

50  w/o  VgOjj  (0.49  mmoles),  40  w/o  AGM  graphite, 
10  w/o  Teflon. 

Current : 

8  mA  (0.5  mA/cm^). 

Voltage  limits*:  3.0V  and  1.7V. 

Discharge  Capacity 

Charge  Capacity 

Cycle  No. 

mAh 

%  Cathode 
Utilization 

mAh 

%  of  Discharge 

1 

74 

95 

62 

84 

2 

60 

77 

58 

97 

3 

58 

75 

57 

98 

4 

55 

70 

54 

98 

5 

53 

68 

51 

96 

6 

49 

63 

49 

100 

7 

48 

62 

47 

98 

8 

46 

59 

46 

100 

9 

47 

61 

46 

98 

10 

45 

58 

53* 

117 

11 

53 

68 

57 

107 

12 

48 

62 

47 

98 

13 

48 

62 

45 

94 

14 

44 

57 

43 

98 

15 

44 

57 

41 

93 

16 

46 

52 

38 

95 

*The  upper  limit  raised  to  3.5V  from  the  10th  charge  onwards. 
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Cathode:  50  v/o  $  (0.49  nmoles),  40  w/o  AGM  graphite, 

10  w/o  l'e  ■  1  Ol)  . 


Current:  8  ip  A  (0.5  m.  ■  /urn-) . 

* 

f‘  Voltage  limit.-,:  ) .  ;V  and  1.7V. 


IMa 

barge  Capacity 

Charge  Capacity 

.(  Cathode 

Cycle  No. 

n  Ah 

Utilization 

mAh 

£  of  Discharge 

1 

90 

115 

71 

79 

2 

66 

37 

64 

97 

3 

61 

73 

59 

97 

4 

5  7 

73 

54 

95 

5 

:  2 

67 

49 

94 

6 

47 

6  ; 

45 

96 

7 

4? 

54 

40 

95 

8 

4  .. 

r  o 

38 

93 

9 

7 

47 

34 

92 

10 

13 

42 

29 

88 

11 

7 1 

40 

30 

97 

i 


Table  10 


Cycling  Data  for  Li/V^O^  Cell  No.  73 


Cathode:  50  w/o  VgOi3  (0.49  mmoles),  40  w/o  AGM  graphite, 
10%  Teflon. 

2 

Current:  8  mA  (0.5  mA/cm  ). 

Voltage  limits:  1.9V  and  3.0V. 


Cycle  No. 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 


Discharge  Capacity 


Charge  Capacity 


%  Cathode 


mAh 

Utilization 

mAh 

71 

90 

— 

_ 

52 

51 

65 

52 

50 

64 

50 

49 

63 

48 

48 

62 

47 

48 

62 

47 

46 

59 

45 

42 

57 

44 

40 

53 

41 

48 

51 

40 

38 

49 

39 

40 

51 

37 

37 

47 

36 

%  of  Discharge 


102 

100 

98 

98 

98 

98 

105 

102 

100 

103 

93 

97 
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Lower  voltage  limit  changed 


e“/V  which  gradually  decreased  to  0.56  e~/V  by  the  15th  cycle.  About 
1Z  of  the  capacity  is  lost  in  each  discharge.  At  the  16th  discharge, 
the  lower  voltage  limit  was  set  at  1.4V.  An  additional  capacity  of 
0.32  e”/V  was  obtained.  However,  in  subsequent  cycles  the  capacity 
decreased  drastically,  loosing  about  3.6%  per  discharge.  It  thus  appears 
reversible  damage  to  the  cathode  is  Induced  by  deep  discharge  to  1.4V. 

The  above  results  suggest  that  the  rechargeability  of  V6O13  cathode 
is  very  sensitive  to  lower  cell  voltage  limit.  The  safe  limit  appears  to 
be  1.7V.  Raising  the  upper  voltage  limit  from  3.0V  to  3.5V  did  not 
seem  to  improve  cell  cycle  life.  Although  an  upper  limit  of  3.5V  did 
not  have  a  significant  deleterious  effect  on  cell  cycle  life,  a  safe  upper 
cutoff  voltage  which  will  permit  good  rechargeability  for  the  cathode  and 
at  the  same  time  avoid  electrolyte  degradation  appears  to  be  between 
3.0V  and  3.2V.  It  should  be  pointed  out  that  studies  of  Koch,  et_al. ,  (11) 
indicated  that  significant  anodic  decomposition  of  2Me-THF/LiAsF5  would 
occur  only  at  potentials  £4.2V. 

One  of  the  reasons  for  the  decreasing  cathode  utilization  even 
within  the  cycling  limits  of  3.0  and  1.9  volts  may  be  the  formation 
of  localized  resistive  areas  in  the  cell  with  continued  cycling.  Note 
that  the  non-stoichiometric  oxide  incorporated  6  Li/V60i3  electrochemically , 
but  the  semiconductor  to  the  insulator  phase  transition  occurs  at  a  Li 
capacity  of  4  per  Vg0i3.  1°  the  stoichiometric  oxide,  as  seen  later, 
excellent  rechargeability  is  observed  within  the  cycling  limits  of  3.0V 
and  1.9V.  In  the  latter  oxide,  however,  the  discharge  at  ambient 
temperature  does  not  occur  to  any  significant  extent  into  the  insulator 
phase  of  the  LixVg0i3  ternary. 

3.3.3  Potentiostatic  Studies  of  the  Effect  of  Deep  Discharge 
on  Cathode  Performance  _  _ 


Potentiostatic  discharges  of  cathodes  utilizing  the  non-stoichiometric 
and  the  stoichiometric  oxides  were  performed  to  evaluate  the  nature  of 
electrode  processes  at  potentials  between  1.3V  and  1.9V.  Each  cathode 
was  initially  discharged  at  1.9V  and  then  the  potential  was  lowered  to 
1.3V  at  0.1V  interval.  At  each  potential  the  current  was  allowed  to  decay 
to  <10  11A.  A  plot  of  the  net  capacity  at  each  potential  is  shown  in  Fig.  13. 
A  capacity  versus  current  density  plot  for  each  of  the  oxides  at  the 
1.9V  and  1.6V  discharges  are  shown  in  Fig.  14  and  15  respectively.  The 
capacity  at  the  1.9V  discharge  corresponded  to  1.17  e-/V  for  the  non- 
stoichiometric  oxide  and  0.71  e“/V  for  the  stoichiometric  oxide.  At 
1.8V  and  1.7V  very  little  additional  capacities  were  obtained.  At  1.6V, 
however,  substantially  additional  capacities  were  observed  in  both 
cathodes  indicating  further  reduction  processes.  The  additional  capacity 
for  the  stoichiometric  oxide  at  1.6V  was  1.46  e“/V  whereas  that  for  the 
non-stoichiometric  oxide  was  0.71  e~/V.  This  substantial  difference  tends 
to  suggest  that  the  discharge  process  at  1.6V  is  due  to  the  cathode  material 
and  not  the  solvent.  This  is  further  substantiated  by  the  observation  that 
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-  stoichiometric  oxide. 


Cell  capacity,,  e'/V 


I _ I _ I _ I _ I _ l 

1  2  3  4  5  6 

Current  density,  mA/cm2 

Fig.  14.  Capacity  vs.  current  density  for  the  stoichiometric  and  non- 
stoichiometric  oxides  potentiostated  at  1.9V. 
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Non  stoichiometric  oxide 


Stoichiometric  oxide 


0.05  0.1 


Current  density,  mA/cm2 


ig.  15.  Capacity  versus  current  density  for  vanadium  oxide  cathodes 
potentiostated  at  1.6V  after  the  discharges  at  1.9,  1.8  and 
1.7  volts. 


the  electrolyte  Itself  does  not  show  substantial  current  on  a  carbon 
electrode  up  to  1.3V  (13).  The  integrated  capacities  of  the  two  oxides 
from  the  potentiostatic  discharges  at  1.9,  1.8,  1.7  and  1.6V  were 
remarkably  close,  being  360  mAh  for  the  non-stoichiometric  oxide  and 
374  mAh  for  the  stoichiometric  oxide.  This  capacity  corresponds  to  14 
e^VgOj.3,  being  equivalent  to  the  reduction  of  all  the  vanadium  ions  to 


Very  low  capacities  were  obtained  at  1.5,  1.4  and  1.3  volts.  The 
cathodes  could  not  be  charged  potentiostatically  after  the  high  capacity 
reduction  at  1.6V.  The  data  suggest  that  the  cathode  undergoes  an  irre¬ 
versible  reduction  at  'V/l.bV  which  appears  to  be  the  reduction  of  vanadium 
ions  to  V+2. 

3.3.4  Cycling  of  Li?  gVgO^ 


Cycling  behavior  of  LiA,8^6®13»  prepared  from  nBuLi  and  V£0i3  was 
evaluated  to  assess  the  effect  of  lower  voltage  Li  intercalation  into 
v6°13*  (The  potential  of  nBuLi  vs.  Li  is  about  1.0V.)  The  open  circuit 
potential  of  the  cell  was  2.05V.  The  cell  resistance  was  2.150  as  in 
cells  with  Vg0i3  cathode.  The  cell  was  initially  charged  to  3.0V  at 
0.5  mA/cm^  and  then  cycled  at  the  same  rate  between  voltage  limits  of 
1.9V  and  3.0V.  The  first  charge  corresponded  to  only  0.47  e-/V.  The 
cathode  virtually  showed  irreversible  behavior  as  shown  by  the  data  in 
Table  11.  It  is  apparent  that  incorporation  of  more  than  ^6  Li  into  the 
V6O13  structure  significantly  affect  the  rechargeability  of  the  cathode. 

3.4  Cathode  Optimization  Studies 

A  limited  amount  of  cathode  optimization  studies  were  carried  out. 
Specifically,  we  investigated  the  following:  a)  effect  of  cathode  compo¬ 
sition,  i.e.,  Vg0i3  to  C  ration,  on  utilization;  b)  effect  of  cathode 
pressing  parameter  on  utilization;  c)  effect  of  cathode  thickness  on 
rate-capacity  behavior. 

3.4.1  Vanadium  Oxide  to  Carbon  Ratio 

The  need  for  carbon  in  the  electrode  matrix  has  already  been 
shown.  However,  an  unacceptably  large  amount  of  carbon  will  substantially 
reduce  the  volumetric  energy  density.  Although  a  detailed  matrix 
analysis  of  the  effects  of  carbon  on  utilization  and  cycle  life  has  not 
been  carried  out.  A  cathode  mix  consisting  of  v20  w/o  of  the  50% 
compressed  Shawinlgan  carbon  appears  to  be  the  optimum.  This  i.*  borne  out 
by  the  rate-capacity  studies  discussed  below  in  Section  3.4.3. 

3.4.2  Effect  of  Cathode  Pressing  Parameter  on  Utilization 


In  cells  #280-033  and  #280-085  the  cathodes  were  fabricated  with 
70  w/o  non-stoichiometric  V6O13,  20  w/o  C  and  10  w/o  Teflon.  However, 


Table  11 


Cycling  Data  for  Li/V^O^  Cell  No.  131 


Cathode:  50  w/o  LigVgO^  (0.20g,  0.35  mmole),  40  w/o  graphite, 
10  w/o  Teflon. 

2 

Current:  8  mA  (0.5  mA/cm  ). 


Discharge  Capacity _  Charge  Capacity 


Cathode  Utilization, 

Cycle  No.  mAh  _ e~/V _  mAh 


1 

- 

_ 

26.7  (0.47e- 

2 

13.6 

0.24 

12.8 

3 

11.5 

0.20 

11 

4 

10.9 

0.19 

9.7 

5 

9.5 

0.17 

9.1 

6 

8.3 

0.15 

8.3 

7 

8.3 

0.15 

7.9 

8 

8.3 

0.15 

7.3 

9 

7.3 

0.13 

7.9 

10 

7.3 

0.13 

7.0 

-  The  cell  was  charged  first. 
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the  cathode  in  cell  #280-033  was  pressed  at  1000  lbs/in^  and  the  cathode 
in  cell  #280-085  was  pressed  at  5000  lbs/in^.  The  cycling  data  are 
shown  in  Fig.  16  plotted  as  cathode  utilization  versus  cycle  number. 

There  is  practically  no  difference  in  the  performances  of  the  two  cells. 

In  most  of  the  cells  evaluated  in  this  study,  the  cathodes  were  therefore 
pressed  at  ^2000  lbs/in^. 

3.4.3  Rate-Capacity  Studies 

Rate-capacity  studies  were  carried  out  with  both  types  of  the 
oxide,  although  the  more  detailed  investigation  utilized  the  stoichiometric 
oxide.  This  was  because  of  the  high  reversibility  of  this  oxide  even  in 
the  first  cycle  so  that  one  cell  could  be  used  for  a  series  of  rate-capacity 
measurements. 


Stoichiometric  VftOia.  Capacities  were  obtained  at  current 
densities  of  8,  6,  4,  2,  1  and  0.5  mA/cm^.  The  test  was  started  with 
the  highest  rate.  After  each  discharge  the  cell  was  charged  to  3.0V  at 
0.5  mA/cm^  to  obtain  the  capacity  at  the  next  rate.  The  capacities  at 
the  various  current  densities  were  obtained  as  a  function  of  cathode 
thickness  using  cathodes  of  28,  51  and  73  mil  thick.  They  had  theoretical 
capacity  (1  e  /V)  densities  of  10,  20.8  and  30.5  mAh  per  cm2  respectively. 


2 

Discharge  curves  for  the  cell  utilizing  the  20.8  mAh/cm  cathode 
are  shown  in  Fig.  17.  Plots  of  cathode  utilization  as  a  function  of 
electrode  thickness  at  each  current  density  are  shown  in  Fig.  18.  Plots 
of  cathode  utilization  versus  current  density  for  the  three  cathodes 
are  depicted  in  Fig.  19. 


For  the  51  mil  thick  cathode,  a  capacity  of  0.58  e"/V  was  obtained 
at  current  densities  of  0.5,  1.0  and  2.0  mA/cnr.  At  4  mA/cm2,  the  capacity 
was  0.48  e”/V.  The  practically  similar  capacities  at  current  densities 
^2.0  mA/cm^  suggest  that  the  electrolyte  transport  properties  have  very 
little  effect  on  cathode  utilization  at  these  currents.  The  electrolyte 
transport  properties  appear  to  affect  cathode  utilization  at  higher 
currents.  For  example,  the  4.0  rnA/crn^  discharge  for  the  51  mil  thick 
cathode  and  the  2.0  mA/cm2  discharge  for  the  29  mil  thick  cathode 
correspond  to  the  same  rate.  But  the  capacities  show  a  significant 
difference . 


For  the  51  mil  thick  cathode  with  a  Li  cycling  efficiency  of  97%, 
the  calculated  volumetric  energy  density  is  ^260  Whr/Dm^  at  current 
densities  <4.0  mA/cm^.  This  does  not  take  into  account  the  volume 
required  for  the  electrolyte. 

Non-st oichiometric  VfiOii.  Figure  20  shows  the  capacities 
in  the  first  discharge  as  a  function  of  current  density.  All  the  cathodes 
were  of  ^25  mil  thickness.  A  large  number  of  cells  have  been  discharged 
at  0.5  mA/cm^.  In  these  cells,  the  capacities  in  the  first  discharge 
varied  from  0.94  e~/V  to  1.1  e"/V.  Only  one  cell  each  was  discharged 
at  the  other  current  densities.  Virtually  identical  capacities  are 


41 


Cathode  utilization  versus  cycle  no.  for  two  Li/V^O  cells 
utilizing  non-stoichiometric  oxide.  J 


Fig.  17.  Capacities  of  the  Li/VgO]^  cell  utilizing  stoichiometric  Vg0i3  at  various 
current  densities.  Cathode  has  313  mAh  (le")  capacity.  Cathode  thickness 
■  51  mils.  Cathode  area  ■  15.5  cm2  for  both  sides. 
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Current  density,  mA/cnr 


Fig.  20.  Capacity-rate  behavior  of  Li/V^O^  cells. 


obtained  up  to  a  current  density  of  2  mA/cmZ.  This  behavior  is  identical 
to  that  of  the  stoichiometric  oxide.  At  4  mA/cm^,  the  cathode  utilization 
was  0.87  e“/V,  i.e.,  ^85%  of  the  capacity  at  ^2  mA/cm^,  again  similar 
to  that  of  the  stoichiometric  oxide. 

These  results  suggest  Li  cells  with  V5O13  cathodes  potentially 
have  high  rate  capabilities.  An  amount  of  ^20  w/o  carbon  in  the 
cathode  matrix  appears  to  be  sufficient  for  obtaining  these  high  rate 
performances.  At  current  densities  *2.0  mA/cm^,  the  thickness  of  the 
cathode,  in  the  range  investigated,  has  very  little  effect  in  utilization. 

3.5  Extended  Cycling  of  Li/V^O^  Cells 


Rechargeability  of  the  vanadium  oxide  cathodes  were  evaluated  by 
extended  cycling.  These  studies  were  carried  out  in  laboratory  glass  cells. 
The  cells  were  cycled  galvanostatically  between  voltage  limits  of  3.0 
and  1.9. 

3.5.1  Non-Stoichiometric  V,0, ~ 


The  cathode  in  cell  No.  255-45,  incorporating  70  w/o  V6O13,  20 
w/o  carbon  and  10  w/o  Teflon,  had  a  theoretical  capacity  (1  e~/V)  of 
83  mAh  (5-53  mAh/cm^  per  side).  The  cell  was  cycled  between  voltage 
limits  of  3.0V  and  1.9V  at  current  densities  of  1.5  mA/cm^  (23  mA  total 
current)  for  discharge  and  1.0  mA/cmZ  (15.5  mA  total  current)  for  charge. 

A  plot  of  cathode  utilization  vs.  cycle  number  is  shown  in  Fig.  21.  Some 
typical  cycles  are  shown  in  Fig.  22.  The  capacity  in  the  first  discharge 
was  1.1  e”/V.  In  the  second  discharge,  the  capacity  decreased  to  0.88 
e“/V.  This  loss  is  due  to  the  inefficiency  in  the  first  charge,  equalling 
20%  of  the  first  discharge.  With  further  cycling  the  capacity  showed  a 
continued  but  slow  decline,  diminishing  to  0.66  e"/V  at  the  19th  discharge. 
The  charge  current  density  was  reduced  to  1.0  mA/cm^  at  the  19th  charge. 

The  cathode  rechargeability  did  not  improve.  The  cathode  utilization 
remained  fairly  steady  at  ^0.63  e"/V  up  to  the  39th  discharge.  At  the 
end  of  the  39th  discharge  a  malfunction  of  the  cycler  caused  the  cell  to 
deep  discharge  to  <1.0V  causing  a  drastic  reduction  in  capacity  in 
subsequent  cycles.  The  average  cathode  utilization  in  the  first  39  cycles 
was  M).7  e”/V. 

An  identical  cell.  No.  255-47,  was  cycled  between  3.0V  and  1.8V 
at  a  current  density  of  2.0  mA/cm^  for  both  discharge  and  charge.  The 
cathode  utilization  in  the  first  discharge  was  0.98  e“/V  which  decreased 
to  0.67  e”/V  in  the  second  discharge.  The  discharge  capacity  continued 
to  decrease  with  cycling,  diminishing  to  0.25  e“/V  by  the  25th  cycle. 
Between  the  25th  and  the  90th  cycles,  the  capacity  essentially  remained 
constant  at  an  average  value  of  0.21  e“/V.  The  current  density  was  then 
reduced  to  0.5  mA/cm^  for  both  discharge  and  charge.  As  a  result  the 
cathode  utilization  increased  to  0.49  e"/V.  In  the  next  8  cycles  the 
cathode  utilization  remained  steady  at  an  average  value  of  M3.46  e”/V. 
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Fig.  22.  Typical  cycles  of  Li/Vg0(3  Cell  No.  255-45,  utilizing  nonstoichiometric 


These  extensive  cycling  studies  have  demonstrated  that  the  non- 
stoichiometric  oxide  has  acceptable  rechargeability .  The  following 
points  are  noteworthy.  A  capacity  equivalent  to  ^15%  of  the  first 
discharge  is  not  recharged  in  the  first  charge.  A  gradual  decline  in 
capacity  at  a  rate  of  ^1%  per  cycle  occurs  in  early  cycles  subsequent 
to  the  second  discharge.  At  lower  current  densities,  i.e.,  *1.5  mA/cm2, 
this  decline  seems  to  be  independent  of  the  current  density.  After  the 
initial  decline,  however,  the  capacity  seems  to  stabilize  at  M).6  e~/V. 

An  effect  of  rate  in  cathode  utilization  was  manifested  in  the  cycling 
at  2  mA/cm2.  A  probable  reason  for  the  decline  in  capacity  in  the  early 
cycles  may  be  related  to  the  insulating  characteristics  of  lithiated 
phases,  LJ^VgOjj,  x  >  4.  In  each  cycle  a  small  fraction  of  the  highly 
lithiated  oxide  phases  probably  gets  isolated  in  the  electrode  matrix  and 
looses  electronic  contact  with  the  bulk  of  the  material.  The  electronically 
isolated  material  is  not  electrochemically  utilized.  Supporting  this 
view  is  the  fact  that  after  the  second  cycle  the  potential  plateaus  of 
the  cycles  remain  the  same  despite  the  lower  capacities.  It  should  be 
possible  to  remedy  this  situation  by  improved  cathode  fabrication  procedures. 

3.5.2  Stoichiometric  V^O.^ 


The  oxide  prepared  by  the  24  hr  heating  time  was  used  since  this 
material  exhibited  the  best  electrochemical  performance.  In  cell  280-15, 
a  cathode  having  a  theoretical  capacity  of  147  mAh  (based  on  1  e“/V)  was 
fabricated  from  70  w/o  VgOjj,  20  w/o  carbon  and  10  w/o  Teflon.  The  cell 
was  cycled  initially  at  currents  of  22  mA  (1*5  mA/cm2)  for  discharge  and 
15  mA  (1.0  mA/cm2)  for  charge.  The  voltage  limits  were  1.9V  for  discharge 
and  3.0V  for  charge.  Typical  discharges  are  shown  in  Fig.  23.  Fig.  24 
shows  a  typical  cycle.  A  plot  of  cathode  utilization  versus  cycle  number 
is  shown  in  Fig.  25. 

The  first  discharge  corresponded  to  0.47  e~/V.  This  is  slightly 
lower  than  the  maximum  0.60  e~/V  obtainable  at  room  temperature  for  this 
oxide.  Frequently  in  pressed  powder  cathodes  which  discharge  via  topo- 
chemlcal  reactions,  the  maximum  capacity  is  not  obtained  in  the  first 
discharge  even  at  low  current  densities.  Indeed,  in  the  second  discharge 
of  the  present  cell,  the  cathode  utilization  increased  to  0.56  e“/V. 

With  this  oxide,  however,  the  first  charge  is  nearly  100%  efficient.  In 
cells  utilizing  the  non-stoichiometric  oxide,  usually  ^15%  capacity  loss 
occurs  in  the  first  charge. 

Cycling  rates  appeared  to  have  a  slight  effect  on  cathode  utilization. 
For  example,  at  the  9th  discharge,  the  current  was  reduced  to  15  mA. 

The  cathode  utilization  increased  from  0.49  e~/V  to  0.51  e“/V.  Also, 
reducing  the  charge  current  at  the  27th  cycle  to  8  mA  (0.5  mA/cm2), 

Increased  the  cathode  utilization  from  0.44  e”/V  to  0.48  e~/V.  The  cell 
was  cycled  80  times  and  was  terminated  after  the  80th  cycle  due  to  a  crack 
in  the  glass  container.  The  average  cathode  utilization  was  0.45  e~/V. 
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Fig.  23.  Typical  discharges  of  Li/VeOl3  cell,  280-015  utilizing  stoichiometric  V^O 
Current  =  15.5  mA  (1.0  mA/cm2).  6 
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Fig.  25.  Cathode  utilization  as  function  of  cycle  No.  of  the  cell  shown 


There  were  no  significant  changes  in  the  voltage  profiles  from  cycle 
to  cycle.  The  fairly  steady  cathode  utilization  indicates  the  good  re- 
chargeability  of  the  stoichiometric  oxide.  Indeed,  the  cycling  of  a 
hermetically  sealed  cell,  to  be  discussed  later,  indicated  practically  no 
change  in  capacity  from  the  first  to  the  80th  cycle.- 

In  the  stoichiometric  oxide  the  maximum  capacity  of  0.66  e“/V  appears 
just  at  the  transition  stage  of  the  semiconducting  to  the  insulating 
phases  of  the  LixVg0i3  ternary.  Thus,  the  electrical  isolation  of  the 
insulating  Lixv6^13  phases  which  occurs  in  the  cycling  of  the  non-stoi- 
chiometric  oxide  probably  does  not  happen  in  the  stoichiometric  oxide 
electrode. 

Two  other  cells  utilizing  the  stoichiometric  oxides  but  with 
higher  cathode  loading  capacities  were  also  cycled. 

In  cell  # 280-075,  the  cathode  (70  w/o  Vg0i3,  20  w/o  C,  10  w/o 
Teflon,  73  mil  thick)  had  a  capacity  density  of  30*5  mAh/cm^.  The  data 
are  given  in  Table  12.  In  the  first  six  cycles  the  discharge  current 
densities  were  varied  between  8.0  and  0.5  mA/cm^.  The  capacity  in  the 
4th  cycle  at  2  mA/cm^,  after  the  prior  high  rate  discharges,  was  0.57  e“/V, 
indicating  that  the  high  rate  discharges  did  not  affect  the  reversibility 
of  the  cathode.  Beginning  with  the  seventh  cycle,  the  cell  was  cycled 
at  current  densities  of  2  mA/cm2  for  discharge  and  1  mA/cm^  for  charge. 

The  cathode  utilization  in  the  seventh  discharge  was  0.52  e~/V.  With 
continued  cycling  at  these  rates  the  capacity  gradually  decreased.  At 
the  22nd  charge,  the  charge  current  density  was  reduced  to  0.50  mA/cm^; 
this  resulted  in  an  increase  in  the  cathode  rechargeability  by  25% 
compared  to  the  previous  charge.  This  suggests  that  one  of  the  reasons 
for  the  decreasing  cathode  utilization  in  cycles  7-22  was  the  rate  of 
charging  which  was  probably  higher  than  the  optimum  required  for  good 
rechargeability.  Beginning  with  the  23rd  discharge,  the  cell  was  cycled 
at  current  densities  of  1.0  mA/cm^  for  discharge  and  0.5  mA/cm^  for 
charge.  The  cathode  utilization  was  0.5  e“/V  in  the  23rd  discharge  and 
0.46  e~/V  in  the  24th  discharge. 

Cell  #280-074  utilizing  a  20.8  mAh  cathode  (51  mil  thick)  was  also 
cycled  with  high  initial  discharge  rates.  The  behavior  is  identical  to 
that  of  the  previous  cell.  Beginning  with  the  seventh  cycle,  the  current 
densities  were  2  mA/cm?  for  both  discharge  and  charge.  The  data  are 
tabulated  in  Table  13.  The  cathode  utilization  in  the  seventh  discharge 
at  2  mA/cm^  was  0.54  e“/V.  However,  the  seventh  recharge  at  2  mA/cm^ 
corresponded  to  only  79%  of  the  discharge.  This  is  in  contrast  to  the 
98%  rechargeability  in  cell  #280-075,  where,  in  the  seventh  charge,  the 
current  density  was  1.0  mA/cm?.  It  appears  that  although  the  vanadium 
oxide  can  be  discharged  at  high  rates,  the  charge  rate  should  be  maintained 
fairly  low,  preferably  <1.0  mA/cm^,  to  obtain  good  cathode  rechargeability. 

*This  was  the  same  cell  used  in  the  rate  studies,  (see  Fig.  19) 


Cathode:  Stoichiometric  V6013  (30.5  mAh/cm2,  73  mil  thick),  20  w/o  carbon, 
10  w/o  Teflon.  Area  =  15.5  cm2  for  both  sides. 

Electrolyte:  2Me-THF ,  1.5M  LiAsF6 


Discharge 

Current 

Discharf 

;e  Capacity 

Charge 

Current 

Charge  Capacity 

Cycle 

Number 

Density 

mA/cm2 

mAh 

e/V 

Density 

mA/crn2 

mAh 

%  of  Discharge 

1 

8 

50 

0.11 

0.5 

50 

100 

2 

6 

108 

0.24 

0.5 

108 

100 

3 

4 

204 

0.44 

0.5 

202 

99 

4 

2 

259 

0.57 

0.5 

257 

99 

5 

1 

268 

0.59 

0.5 

266 

99 

6 

0.5 

287 

0.63 

0.5 

285 

99 

7 

2 

238 

0.52 

1.0 

232 

97 

8 

2 

223 

0.49 

1.0 

220 

99 

9 

2 

212 

0.46 

1.0 

208 

98 

10 

2 

204 

0.45 

1.0 

200 

98 

11 

2 

200 

0.44 

1.0 

200 

100 

12 

2 

203 

0.44 

1.0 

200 

99 

13 

2 

195 

0.43 

1.0 

190 

98 

14 

2 

189 

0.42 

1.0 

186 

98 

15 

2 

184 

0.40 

1.0 

180 

98 

16 

2 

178 

0.39 

1.0 

176 

99 

17 

2 

173 

0.38 

1.0 

170 

98 

18 

2 

171 

0.37 

1.0 

169 

99 

19 

2 

171 

0.37 

1.0 

168 

99 

20 

2 

170 

0.37 

1.0 

168 

99 

21 

2 

167 

0.36 

1.0 

165 

99 

22 

2 

166 

0.36 

0.5 

206 

124 

23 

1.0 

228 

0.50 

0.5 

220 

96 

24 

1.0 

209 

0.46 

0.5 

206 

98 

25 

1.0 

201 

0.44 

0.5 

200 

99 

55 
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Table  13 


Cycling  Data  for  Li/V^O^  Cell  No.  2  '0-0/4 

Cathode:  Stoichiometric  V5O13  (20.8  mAh/cm2,  51  mil  thick),  20  w/o  carbon, 
10  w/o  Teflon.  Area  =  15.5  cm2  for  both  sides. 

Electrolyte:  2Me-THF/1.5M  LiAsFfi 


Cycle 

Number 

Discharge 

Current 

Density 

mA/cm2 

Discharge  Capacity 

mAh  e/V 

Charge 

Current 

Density 

mA/cm* 

mAh 

Charge  Capacity 

%  of  Discharge 

1 

8 

53 

0.17 

0.5 

44 

83 

2 

6 

76 

0.24 

0.5 

79 

104 

3 

4 

150 

0.48 

0.5 

144 

96 

4 

2 

187 

0.60 

0.5 

176 

94 

5 

1 

180 

0.58 

0.5 

180 

100 

6 

0.5 

186 

0.60 

0.5 

186 

100 

7 

2.0 

169 

0.54 

2.0 

133 

78 

8 

2.0 

132 

0.42 

2.0 

122 

93 

9 

2.0 

121 

0.39 

2.0 

121 

100 

10 

2.0 

119 

0.38 

2.0 

113 

95 

11 

2.0 

108 

0.35 

2.0 

102 

94 

12 

2.0 

103 

0.33 

2.0 

101 

97 

13 

2.0 

99 

0.32 

2.0 

93 

94 

14 

2.0 

93 

0.30 

2.0 

97 

104 

15 

2.0 

96 

0.31 

2.0 

88 

92 

16 

2.0 

88 

0.28 

2.0 

88 

100 

17 

2.0 

88 

0.28 

2.0 

96 

108 

18 

2.0 

91 

0.29 

2.0 

84 

91 

19 

2.0 

86 

0.27 

2.0 

86 

100 

20 

2.0 

82 

0.26 

2.0 

82 

100 

21 

2.0 

79 

0.25 

2.0 

81 

102 

22 

2.0 

78 

0.25 

2.0 

80 

101 

23 

2.0 

78 

0.25 

2.0 

78 

100 

24 

2.0 

76 

0.24 

2.0 

76 

100 

25 

2.0 

76 

0.24 

2.0 

76 

100 

26 

1.0 

95 

0.31 

0.5 

142 

150 

27 

1.0 

146 

0.47 

0.5 

137 

95 

28 

1.0 

134 

0.43 

0.5 

125 

93 

29 

1.0 

136 

0.44 

0.5 

133 

97 

35 

1.0 

135 

0.43 

0.5 

130 

96 

This  drawback  may  be  eliminated  with  improved  cathode  fabrication.  At  the 
26th  cycle,  the  current  densities  were  reduced  to  1.0  mA/cm^  for  discharge 
and  0.5  mA/cm^  for  charge.  The  cathode  utilization  increased  to  0.47 
e~/V  at  the  27th  discharge.  The  increased  cathode  capacity  again  resulted 
from  the  improved  recharge  at  0.5  mA/cm^  in  the  26th  charge.  This  cell 
was  cycled  36  times  and  the  capacity  in  the  36th  discharge  was  0.42  e~/V. 

3.5.3  Morphology  of  Extensively  Cycled  Oxides 

The  SEM  photographs  of  extensively  cycled  stoichiometric  and  non- 
stoichiometric  oxide  cathodes  are  shown  in  Figures  26  and  27  respectively. 

The  stoichiometric  oxide  retains  its  crystallinity  even  after  extensive 
cycling.  It  appears,  however,  that  the  crystals  have  lost  their  original 
prismatic  shapes  and  have  become  rectangular  slabs. 

The  non-stoichiometric  oxide  also  appears  to  have  undergone  some 
changes  in  crystallinity  with  cycling.  The  material  which  did  not  reveal 
any  apparent  crystallinity  in  the  SEM  before  cycling  appears  to  contain 
a  few  rectangular  crystals  after  cycling.  The  higher  degree  of  crystallinity 
may  have  resulted  from  the  dynamics  of  Li  incorporation  into  and  expulsion 
from  the  oxide  lattice. 
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Fig.  26.  The  SEM  of  cycled  stoichiometric  oxide 
Magnification,  1000X. 
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4.  CONSTRUCTION  AND  TESTING  OF  HERMETICALLY 
SEALED  CELLS 


Three  types  of  hermetically  sealed  cells  were  constructed  and 
tested.  These  were:  i)  hermetic  laboratory  test  cells.  These  cells  were 
designed  to  provide  a  suitable  test  vehicle  for  extended  cycling  studies 
avoiding  the  deleterious  electrode  structural  problems  on  cell  cycle 
life,  (ii)  hermetic  spirally  wound  cells.  These  cells  were  constructed 
to  understand  the  problems  of  spiral  geometry  on  the  cycle  life  of  both 
the  Li  and  oxide  electrodes,  aiding  in  the  development  of  advanced  cells; 

(iii)  high  capacity  prismatic  cells.  These  cells  were  aimed  at  assessing 
the  effects  of  scale-up  on  cathode  and  anode  utilizations  and  on  overall 
cell-cycle  life. 

4.1  Hermetically  Sealed  Laboratory  Test  Cells 

The  basic  configuration  of  the  electrode  package  consists  of  an 
alternating  stack  of  lithium  and  cathode  electrodes.  Each  electrode 
is  enclosed  In  a  heat-sealed  porous  polypropylene  membrane  (Celgard  2400 
Series)  bag.  The  end  lithium  electrodes  have  single  sided  laminations 
whereas  the  center  electrodes  have  double  sided  laminations.  The  overall 
thickness  of  the  pack  is  roughly  150  ±  10  mil.  The  electrode  leads 
projecting  from  the  top  of  the  pack  are  aligned  such  that  all  anode  leads 
are  on  one  side  and  all  cathode  leads  are  on  the  other  side.  The  anode  and 
cathode  leads  are  spot  welded  together  among  their  types  to  form  singular 
lead  tabs.  A  D-size  cell  can  is  used  for  packaging  the  electrode  stack. 

A  polyethylene  disk  1.250"  dia  x  0.005"  thick  is  placed  in  the  bottom  of 
the  Ni  plated  cold  rolled  can  for  electrical  insulation.  The  electrode 
package  is  sandwiched  between  two  Teflon  hemi-cylinders  and  this  assembly  is 
inserted  into  the  can  with  both  electrode  leads  projecting  upward.  A 
stainless  steel  shim  is  wedged  between  one  hemi-cylinder  and  the  inside  wall 
of  the  can  such  that  maximum  compression  is  applied  to  the  electrode  pack 
by  the  spring  action  of  the  shim.  The  electrode  leads  are  then  spot  welded 
to  the  tab  connections  on  the  cover  assembly.  With  leads  attached,  the  cover 
is  pressed  into  the  can  and  spot  welded  to  the  can  to  insure  that  the  lip  of 
the  cover  will  remain  flush  with  the  can  lip  for  TIG  weld  sealing.  Electrolyte 
is  introduced  into  the  cell  by  vacuum  filling.  A  schematic  of  the  sealed 
cell  is  shown  in  Fig.  28. 

Cell  No.  314-21-03  utilized  stoichiometric  V6O13.  The  cathode 
contained  70  w/o  VfcOijj,  20  w/o  C  and  10  w/o  Teflon.  The  cell  had  a 
cathode  area  of  39  cm2.  The  cell  was  cycled  between  3.0V  and  1.9V.  A 
plot  of  cathode  utilization  vs.  cycle  number  is  shown  in  Fig.  29.  Some 
typical  cycles  are  shown  in  Fig.  30.  The  cell  exhibited  excellent  cycling 

*Two  of  these  cells  have  been  sent  to  ET  and  D  Laboratory  for  their 
evaluation. 
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Sealed  Battery 

a  -  ceramic  feed- thru 
b  -  Ni  call 

c  —  polyethylene  insulator 
d  -  wire  connection  to  negative 
e  -  Ni  tab  connection  to  positive 
f  -  negative  electrode  tabs 
g  —  positive  electrode  tabs 
h  -  teflon  electrode  constrictor 


Fig.  28.  Schematic  view  of  sealed  Li/V50j3, 
laboratory  test  cell. 
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Cathode  utilization  versus  cycle  number  for  laboratory 
stoichiometric  Vg0|3. 


3rd  Cycle 


2 

behavior.  The  first  cycle  was  performed  at  20  mA  (0.5  mA/cm  ).  The 
cathode  utilization  was  0.59  e“/V,  nearly  close  to  the  theoretical 
value,  and  the  recharge  efficiency  was  96%.  Beginning  with  the  2nd 
cycle,  the  current  was  set  at  40  mA  (1.0  mA/cm^)  for  both  discharge  and 
charge.  The  cathode  utilization  remained  practically  the  same  through 
80  cycles*. 


Cycling  of  this  cell  has  demonstrated  the  excellent  reversibility 
of  the  stoichiometric  Vg0l3  within  the  cycling  limits  of  3.0  and  1.9V. 

The  data  have  also  shown  the  importance  of  having  a  proper  test  vehicle 
for  evaluating  the  rechargeability  of  high  capacity  lithium  intercalation 
cathodes.  An  aspect  of  particular  importance  is  to  minimize  the  dele¬ 
terious  effects  on  utilization  of  electrode  structural  problems  such  as 
swelling  during  cycling.  These  were  minimal  in  the  present  case. 

4.2  Hermetically  Sealed,  Spirally  Wound  Cell 

A  cell  approximately  of  the  AA  size  was  constructed  in  a  Ni  plated 
steel  can.  The  cell  specifications  are  shown  below.  The  vanadium  oxide 
was  non-stoichiometric  Vg0l3. 


Cell  Can:  Ni  plated  steel  can;  1.5"  height,  5/8"  OD. 

Cathode:  55  w/o  Vfc0l3,  35  w/o  graphite,  10  w/o  Teflon,  pasted 

on  Ni  Exmet  (5Ni5-5/o).  Cathode  capacity,  375  mAh 
based  on  le~/V.  The  pasted  electrode  was  2.5  cm  wide, 
7.5  cm  long  and  1  mm  thick.  The  oxide  was  non- 
stoichiometric  V6O13. 


Anode:  Li  foil  pressed  onto  Ni  Exmet  (5N1-5-5 /o).  Anode 

capacity,  940  mAh.  Total  area  of  Li  facing  cathode, 
38  cm2. 


Separator:  Double  wrap  polypropylene  (Celgard  2400),  1  mil  thick. 

Electrolyte:  1.5M  LiAsFg/2Me-THF,  ^3.5  ml. 


The  cell  was  cycled  between  voltage  limits  of  3.0V  and  1.9V.  The  current 
was  varied  during  various  stages  of  cycling.  The  results  are  shown  in 
Fig.  31,  plotted  as  cathode  utilization  versus  cycle  number.  Typical 
cycles  are  shown  in  Fig.  32. 

The  first  18  cycles  were  performed  at  40  mA  (1  mA/cm^).  The 
capacity  in  the  first  discharge  corresponded  to  0.53  e“/V.  In  laboratory 
cells  utilizing  this  cathode  material,  capacities,  usually,  of  0.9  to 
1.0  e“/V  are  obtained  at  1.0  mA/cm^.  In  the  first  charge  only  60%  of 
the  discharge  capacity  was  recharged.  The  capacity  loss  in  the  first 


At  the  writing  of  the  Final  Report,  cycling  of  this  cell  was  continuing. 
Complete  data  will  be  reported  in  related  publications. 
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Pig.  31.  Cathode  utilization  versus  cycle  number  of  spirally  wound 
Li/Vg0i3  cell. 
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charge  is  ^20%  more  than  what  is  normally  found  in  laboratory  cells. 

The  capacity  in  the  second  discharge  was  0.30  e“/V.  The  cathode 
utilization  was  maintained  at  an  average  value  of  0.27  e“/V  until  the 
18th  discharge.  The  current  was  reduced  to  20  mA  (0.5  mA/cm2)  at  the 
18th  charge.  The  rechargeability  improved  substantially.  The  capacity 
in  the  19th  discharge  corresponded  to  0.5  e“/V,  a  portion  of  which  in¬ 
volved  utilization  of  cathode  material  unused  in  earlier  cycling. 

From  the  18th  charge  until  the  59th  discharge,  the  current  was  maintained 
at  20  mA  (0.5  mA/cm^) .  The  cell  capacity  showed  a  declining  trend  at 
about  0.75%  loss  per  cycle.  The  capacity  at  the  59th  discharge  was  0.35 
e“/V.  At  the  60th  discharge  the  current  was  reduced  to  10  mA  which  made 
the  utilization  increase  to  0.44  e"/V.  There  was  no  change  in  capacity 
until  the  65th  discharge  when  the  current  was  again  increased  to  20  mA. 

The  increased  current  caused  the  capacity  to  decline  in  subsequent  cycles. 

At  the  77th  discharge,  the  current  was  reduced  to  2  mA  (0.05  mA/cm^) .  The 
capacity  increased  to  0.54  e“/V.  In  the  77th  charge,  again  performed  at 
2  mA,  the  rechargeability  improved  substantially  so  that  a  capacity  of 
0.74  e~/V  was  obtained  in  the  78th  discharge  at  2  mA.  In  the  79th 
discharge  the  current  was  raised  back  to  20  mA.  The  cathode  utilization 
at  20  mA  now  was  much  larger  than  before  the  low  rate  charging.  The 
test  was  continued  until  the  95th  discharge.  The  Li  remaining  now  in 
the  cell  was  stripped  off  by  discharging  the  cell  to  0.0V.  The  Li 
electrode  efficiency  was  calculated  from  the  total  amounts  of  charge 
put  in  and  charge  taken  out  in  the  95  cycles.  This  was  found  to  be  96.5%, 
in  good  agreement  with  the  thin  plate  cycling  efficiency  reported  for 
Li  in  this  electrolyte  by  Koch  (11). 

Cycling  of  this  cell  has  demonstrated  the  following:  1)  the  Li 
electrode  exhibits  high  cycling  efficiency  in  a  complete  cell  demonstrating 
the  excellent  compatibilities  of  the  cell  components  at  ambient  temperature, 
2)  Li  can  be  cycled  in  a  spiral  configuration  with  high  charge  densities 
without  encountering  short-circuiting. 

The  rate  capability  of  the  cell  was  not  good.  However,  this  could 
be  improved  with  further  optimization. 


4.3  High  Capacity  Prismatic  Cells 

The  cell  contains  a  stack  of  rectangular  electrodes.  Specifically,  the 
cell  can  consists  of  deep  drawn  stainless  steel  (SS316)  with  the  following 


dimensions : 

Width  5.766  cm 

Depth  1.968  cm 

Height  5.588  cm 

Wall  Thickness:  0.056  cm 

The  cover  contains  two  glass  to  metal 
cations  were  as  follows: 


2.270  in 
0.775  in 
2.200  in 
0.022  in 

compression  seals.  The  cell  specif i- 
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Cathode ;  16.1  non-stoichiometric  ox/4e  (70  w/o) ,  20  w/o  C 

and  10  w/o  Teflon.  Theoretical  cathode  capacity,  5  Ah 
(1  e”/V) .  The  cell  has  seven  cathodes;  each  cathode  is  5*0  cm 


x  3.75  cm  per  side,  total  area,  265  cm' 


i 


Anode:  5.18g  LI  (20  Ah).  The  cell  has  eight  anodes; 
each  is  5  cm  x  3.75  cm.  Total  area  is  265  cm  . 

Separator :  Celgard  2400,  double  wrap. 

Electrolyte:  18-22g,  2Me-THF,  1.5M  LiAsFg. 

Cell  Weight:  115g  (about  half  of  this  weight  is  due  to  cell 
can  and  cover) . 

Four  of  these  cells^  were  built  on  the  present  contract.  Data  for  the 
first  cycles  of  these  cells  at  140  mA  (0.5  mA/cm^)  are  shown  in  Table  14. 
Typical  first  cycles  of  two  of  these  cells  are  shown  in  Figure  33. 


All  the  cells  exhibited  practically  Identical  behavior.  The 
capacities  in  the  first  discharge  exceeded  5  Ah  (1  e~/V).  In  the 
first  charge  ^20%  of  the  capacity  was  not  recharged.  These  characteristics 
are  identical  to  those  observed  in  small  laboratory  cells  utilizing  this 
oxide. 

2 

Cells  314-32-01  and  314-32-03  were  further  cycled  .  Data  for 
cell  314-32-03  are  listed  in  Table  15.  Some  typical  cycles  are  shown 
in  Figure  34.  The  cell  has  exhibited  fairly  consistent  cycling  behavior 
3ince  the  second  cycle.  The  cell  capacity  in  the  9th  discharge  was  3.45  Ah, 
which  is  87%  of  the  capacity  in  the  2nd  discharge.  The  overall  performance 
of  this  high  capacity  cell  is  somewhat  superior  to  that  observed  in  small 
laboratory  cells  utilizing  non-stoichiometric  VgO^j. 

With  a  cell  weight  of  115g  and  a  mid-discharge  voltage  of  2.3V, 
the  measured  5.3  Ah  capacity  in  the  first  discharge  translates  to  an 
energy  density  of  106  Whr/kg  (48  Whr/lb).  The  external  volume  of  the 
cell  is  ''<64  cnP,  resulting  in  a  volumetric  energy  density  of  190  Whr/dm^. 


^Two  of  these  cells  have  been  sent  to  Eradcom  for  evaluation.  The  cells  were 
314-32-02  and  314-32-04.  They  are  sent  after  cycling  once. 

2 

At  the  writing  of  this  report,  cycling  of  these  cells  is  still  in  progress. 
Therefore  only  partial  data  are  given  here. 
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Table  14 


1 

Cycling  Data 

for  Prismatic  Li/V^O^  Cells 

i 

i 

Cell  No. 

j 

Current 

mA 

2 

Capacity  in  the 
first  discharge 

Ah 

3 

Capacity  in  the 
first  charge 

Ah 

1 

314-32-01 

| 

140 

5.18 

4.0 

!  314-32-02 

140 

5.21 

4.39 

J 

!  314-32-02 

140 

5.04 

4.10 

j  314-32-04 

140 

5.38 

4.33 

to  1.9V 
3to  3.0V 


I  he  first  cycles  of  fhe  prismatic  cells.  Voltage  limits,  3.0  and  1.9. 
Current  =  140  mA.  These  cells  were  sent  to  ERADCOM  for  further 


Table  15 


Cycling  Data  for  Prismatic  Li/V^O^  Cell  No.  314-32-03 


Discharge 

Charge 

j  Cycle  No. 

Current,  mA 

Capacity 

Current,  mA 

Capacity  (Ah) 

1  1 

j  9 

140 

5.04 

140 

4.17 

3 

140 

4.07 

140 

4.12 

i 

1  4 

300 

3.81 

200 

3.73 

S||OA  ‘|D!*U9*od  IP3 


4th  and  llth  cycles  of  prismatic  Cell  No.  314-32-013.  Current  id  =  300  mA; 
200  mA. 


5.  SUMMARY  AND  CONCLUSIONS 


Two  forms  of  the  vanadium  oxide,  V^0^3,  were  synthesized  and  charac¬ 
terized.  These  were  a  stoichiometric  form,  i.e.,  V02.17  and  a  slightly  non- 
stoichiometric  form,  i.e.,  V02.19. 

Stoichiometric  VgOjj  was  prepared  by  heating  requisite  quantities  of 
V2O5  and  V  powder  for  24  hrs.  at  650°C.  It  was  characterized  by  X-ray  and 
SEM  data.  SEM  analysis  revealed  this  oxide  to  be  a  highly  crystalline  material 
composed  of  4-5  ym  wide  and  14-18  ym  long  crystallites.  For  a  cathode  having 
a  theoretical  capacity  density  of  20  mAh/cm^  (based  on  1  e“/V) ,  the  utili¬ 
zation  in  the  early  cycles  was  M3. 6  e“/V  at  current  densities  of  0.5,  1.0 
and  2.0  mA/cm^  and  0.45  e“/V  at  4  mA/cm^.  Rate-capacity  behavior  similar  to 
these  was  exhibited  also  by  cathodes  having  capacity  densities  of  10  mAh 
and  30  mAh  per  cm^.  The  discharge  to  1.9V  proceeded  in  four  distinct 
voltage  regions  with  a  mid-discharge  potential  of  ^2.3V.  The  cathode  exhibited 
good  rechargeability .  One  cell  was  cycled  80  times  with  a  steady  cathode 
utilization  of  0.52  e”/V. 


The  slightly  non-stoichiometr ic  VgO^,  was  prepared  by  the  thermal 
decomposition  of  NH4VO3  at  450°C.  X-ray  diffraction  pattern  of  this  material 
was  virtually  identical  to  that  of  stoichiometric  3.  However,  SEM  data 

revealed  it  to  be  composed  of  much  smaller  particles  with  very  little  apparent 
crystallinity.  First  discharge  of  the  material  resulted  in  a  higher  capacity 
than  the  stoichiometric  oxide.  For  example,  capacities  between  0.90  and 
1.0  e“/V  were  obtained  at  current  densities  between  0.50  and  2.0  tnA/cm^. 

The  extra  capacity  results  in  a  plateau  at  ''-2. IV.  In  the  first  charge,  a  loss 
in  capacity  amounting  to  15-20%  of  the  first  discharge  occurs .  This  loss 
is  independent  of  charge  current  densities  between  0.1  and  2.0  mA/cm^. 

With  continued  cycling,  a  gradual  loss  in  cathode  utilization  occurs  in  the 
early  cycles.  After  15  cycles  or  so,  the  cathode  utilization  becomes  steady 
at  M3.60  e“/V. 


The  discharge  characteristics  of  the  stoichiometric  oxide  at  60°C  were 
similar  to  that  of  the  non-stoichiometric  oxide  at  room  temperature. 

The  rechargeability  of  both  the  oxides  were  found  to  be  sensitive  to 
the  lower  voltage  cutoff.  The  most  safe  voltage  limits  of  cycling  were  3.0 
and  1.9.  Potentiostatic  discharges  of  the  oxides  as  a  function  of  voltages 
between  1.9  and  1.3  revealed  a  high  capacity  irreversible  reduction  process 
at  M..6V. 


Three  types  of  hermetically  sealed  cells  were  contructed  and  tested. 
In  a  high  capacity  (5Ah)  prismatic  cell  utilizing  the  non-stoichiometric 
oxide  energy  densities  of  106  Whr/kg  and  190  Whr/DM^  were  achieved  in  the 
first  cycle.  These  energy  densities  were,  however,  reduced  by  15-20%  in 
the  second  discharge. 


With  the  highly  reversible  stoichiometric  oxide,  based  on  the 
present  cell  design,  the  energy  densities  would  be  ^60  Whr/kg  and  115  Whr/DM  . 

The  two  major  factors  limiting  the  volumetric  energy  densities  are 
the  amount  of  carbon  required  for  fabricating  an  acceptable  cathode  and  the 
amount  of  Li  required  to  achieve  a  specified  number  of  cycles .  Considerable 
improvements  in  volumetric  energy  density  may  be  possible  by  the  use  of 
metallic  conductive  additives  to  the  and  by  improvements  in  the  Li 

cycling  efficiency. 
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Medford,  MA  02155 

General  Motors  Corporation  (1) 

Research  Laboratories 
General  Motors  Tech.  Center 
12  Mile  and  Mounds  Roads 
Warren,  MI  48090 

Union  Carbide  Corporation  (1) 

Parma  Research  Center 
P.  0.  Box  6116 
Cleveland,  OH  44101 

P.  R.  Mallory  &  Company,  Inc.  (1) 

S.  Broadway 
Tarrytown,  NY  10591 
Attn:  J.  Dalfonso 

North  American  Rockwell  Corp.  (1) 

Atomics  Internation  Division 

P.  0.  Box  309 

Canoga  Park,  CA  91304 

Attn:  Dr.  L.  Heredy 

General  Electric  Research  &  (1) 

Development  Center 
P.  0.  Box  8 
Schenectady,  NY  12301 
Attn:  Dr.  Stefan  Mitoff 


(1) 


(1) 


University  of  California 
Department  of  Science  &  Research 
Santa  Barbara,  CA  93100 
Attn:  Dr.  J.  Kennedy 

Gulton  Industries,  Inc.  (1) 

Metuchen,  NJ  08840 
Attn:  Mr.  S.  Charlip 

INCO  Research  &  Development  Ctr  (1) 

Sterling  Forest 

Suffern,  NY  10901 

Attn:  Nehemiah  Margalit 

Director  (1) 

Propulsion  and  Power  Division 

Mail  Code  EP5 

NASA-Johnson  Space  Center 

Houston,  TX  77038 

Attn:  Mr.  B.  J.  Bragg 

GTE  Laboratories,  Inc.  (1) 

520  Winter  Street 

Waltham,  MA  02154 

Attn:  Dr.  Ronald  McDonald 

Electrochimica  (1) 

2485  Charleston  Road 
Mountain  View,  CA  94040 
Attn:  Dr.  Eisenberg 

Dr.  Hugh  Barger  (1) 

P.  0.  Box  2232 
Davidson,  NC  28036 

Energy  Storage  &  Conversion  Dept.  (1) 

TRW  Systems 

One  Space  Park 

Redondo  Beach,  CA  90278 

Attn:  Dr.  H.  P.  Silverman 

Sanders  Associates,  Inc.  (1) 

24  Simon  Street 

Mail  Stop  NSI-2208 

Nashua,  NH  03060 

Attn:  J.  Marshall 


Power  Conversion,  Inc. 

70  MacQuesten  Parkway 
Mount  Vernon,  NY  10550 
Attn:  Stuart  Chodosh 

Portfolio  Manager  (1) 

Hooker  Chemicals  &  Plastics  Corp. 

M.P.O.  Box  8 

Niagara  Falls,  NY  14302 

G207  (1) 

S.R.I. 

Menlo  Park,  CA  94025 
Attn:  Dr.  Leonard  Nanis 

Bell  Laboratories  (1) 

600  Mountain  Avenue 
Murray  Hill,  NJ  07974 
Attn:  Dr.  J.  J.  Auborn 
Room  1A-317 

Stonehart  Associates,  Inc.  (1) 

34  Five  Fields  Road 
Madison,  CT  06443 
Attn:  Mr.  Thomas  Reddy 

Jet  Propulsion  Laboratory  (1) 

4800  Oak  Grove  Drive 
Pasadena,  CA  91103 
Attn:  Mr.  Harvey  Frank 
Mail  Stop  198-220 

Naval  Surface  Weapons  Center  (1) 

White  Oak  Laboratory 
Code  R-33  (M/S  A026) 

Silver  Spring,  MD  20910 
Attn:  Dr.  D.  Ernst 

Energy  Conversion  Branch  Code  3642  (1) 

Naval  Underwater  Systems  Center 
Newport  Laboratory 
Newport,  RI  02840 
Attn:  Mr.  J.  R.  Moden 


< 
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NASA-Lewis  Research  Center 
Mail  Stop  6-1 
21000  Brookpark  Road 
Cleveland,  OH  44135 
Attn:  Dr.  Stuart  Fordyce 

Naval  Undersea  Center 
Code  608 

San  Diego,  CA  92132 
Attn:  Mr.  Joe  McCartney 

Altus  Corporation 
440  Page  Mill  Road 
Palo  Alto,  CA  94306 
Attn:  Douglas  Glader 

MS  488 

NASA-Langley  Research  Center 
Hampton,  VA  23665 
Attn:  J.  Bene 

Research  &  Development  Division 

The  Gates  Rubber  Company 

999  S  Broadway 

Denver,  CO  80217 

Attn:  Mr.  Eddie  T.  Seo 

Mail  Stop  8C-62 
Boeing  Aerospace  Company 
P.  0.  Box  3999 
Seattle,  WA  98124 
Attn:  Mr.  Sidney  Gross 

Honeywell  Technology  Center 
10701  Lyndale  Avenue,  South 
Bloomington,  MN  55420 
Attn:  Dr.  H.  V.  Venkatasetty 

Jet  Propulsion  Laboratory 
Mail  Stop  198-220 
4800  Oak  Grove  Drive 
Pasadena,  CA  91103 
Attn:  Mr.  Aiji  Uchiyama 

Naval  Surface  Weapons  Center 
White  Oak  Laboratory,  Code  R-33 
Silver  Spring,  MD  20910 
Attn:  Dr.  Frank  Bis 


